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Abstract:
Changes in climate variability and, in particular, changes in extreme climate events are likely to be of far more significance
for environmentally vulnerable regions than changes in the mean state. It is generally accepted that sea-surface temperatures
(SSTs) play an important role in modulating rainfall variability. Consequently, SSTs can be prescribed in global and regional
climate modelling in order to study the physical mechanisms behind rainfall and its extremes. Using a satellite-based daily
rainfall historical data set, this paper describes the main patterns of rainfall variability over southern Africa, identifies the
dates when extreme rainfall occurs within these patterns, and shows the effect of resolution in trying to identify the location
and intensity of SST anomalies associated with these extremes in the Atlantic and southwest Indian Ocean. Derived from
a Principal Component Analysis (PCA), the results also suggest that, for the spatial pattern accounting for the highest
amount of variability, extremes extracted at a higher spatial resolution do give a clearer indication regarding the location
and intensity of anomalous SST regions. As the amount of variability explained by each spatial pattern defined by the
PCA decreases, it would appear that extremes extracted at a lower resolution give a clearer indication of anomalous SST
regions. Copyright  2006 Royal Meteorological Society
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1. INTRODUCTION
It is becoming increasingly accepted that any poten-
tial climate change will not only have an influence on
mean climate but also significantly alter climatic vari-
ability (Tegart et al., 1990). This may lead to a change in
the frequency of extreme events. This latter change will
have important impacts, such as flooding and drought,
on human and natural systems (McGuffie et al., 1999).
Changes in rainfall extremes have proved especially prob-
lematic for environmentally and socio-economically vul-
nerable regions, such as southern Africa, which already
experience a highly variable climate (Hudson and Jones,
2002).
Although the importance of accurate information on
rainfall is undisputed, a continuing problem in southern
Africa is the lack of rainfall data owing to a range of
factors, including technological and scientific underde-
velopment exacerbated by civil war, extensive poverty,
and political instability (Desanker and Magadza, 2001).
Hence, the past studies on daily rainfall variability have
largely been restricted to the relatively data-rich South
Africa (Fauchereau et al., 2003). As can be seen in
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Figure 1(a), daily reports from the Global Telecommu-
nications System (GTS) from 1948 to 2001 show a
concentration of rain gauges in South Africa, but with
few or no measurements in large areas elsewhere, espe-
cially in countries to the west, such as Angola. Satellite-
derived rainfall data, providing near uniform coverage
over Africa, are a possible solution to this problem.
Research on the large-scale associations with rainfall
variability has previously concentrated on seasonal and
annual rainfall using coarse spatial resolution precipita-
tion data (e.g. Nicholson, 1986; Ropelewski and Halpert,
1987; Lindesay, 1988; Mason and Tyson, 1992; Moron
et al., 1995; Rocha and Simmonds, 1997; Goddard and
Graham, 1999). Many of these studies have suggested
the importance of SST in modulating rainfall variabil-
ity, either indirectly such as an alteration in the position
of the ITCZ (Biasutti et al., 2004) or by more direct
‘local’ mechanisms (e.g. Janowiak, 1988; Walker, 1990;
Jury and Pathack, 1993; Jury et al., 1993; Mason, 1995;
Shinoda and Kawamura, 1996; Reason and Lutjeharms,
1998b). As an example of the latter, Reason and Keibel
(2004) argue that the unusual behaviour of the Tropical
Cyclone Eline was partly caused by anomalous SST in the
Indian Ocean. To date, work on investigating the influ-
ence of SST on rainfall variability over southern Africa
has focused on three ocean basins. Firstly, the Pacific,
which has remote influences such as those impacting on
Copyright  2006 Royal Meteorological Society
94 C. J. R. WILLIAMS, D. R. KNIVETON AND R. LAYBERRY
EQ
3S
6S
9S
12S
15S
18S
21S
24S
27S
30S
33S
10E 15E 20E 25E 30E 35E 40E 45E 50E
(a)
(b)
EQ
3S
6S
9S
12S
15S
18S
21S
24S
27S
30S
33S
10E 15E 20E 25E 30E 35E 40E 45E 50E
0
0.5
1
2
3
4
5
6
Figure 1. (a) Average spatial distribution of daily reports from the GTS
network, 1948–2001. Black areas show regions with an average of one
or more GTS station. (b) Estimated mean rainfall from MIRA for a high
rainfall event for 21–25 February 2000. Rainfall in mm h−1.
the frequency of dry spells over South Africa (Reason
et al., 2005b). Secondly, the Indian Ocean, which can
have remote and local influences (on primarily the east-
ern side of the subcontinent), such as when warm (cool)
SST anomalies in the southwest (southeast) Indian Ocean
results in increased rainfall over southeastern Africa
(Suzuki et al., 2004). Thirdly, the South Atlantic, which
primarily affects the western side of southern Africa and
can cause high rainfall over southwest South Africa when
the SST anomaly is warm (cool) in the southwest and
southeast (central) South Atlantic (Reason and Jagadhee-
sha, 2005a).
In addition to identifying SST patterns associated with
rainfall variability, idealised SST anomalies have been
used to force global and regional general circulation
models to simulate rainfall variability over various
regions, such as the Sahel (Moron et al., 2003), northwest
Africa (Li et al., 2003), Africa as a whole (Paeth and
Friederichs, 2004), and southern Africa (Reason and
Godfred-Spenning, 1998a; Reason, 1998; Rautenbach
and Smith, 2001; Reason, 2002; Misra, 2003). However,
while much attention has focused on seasonal and annual
rainfall totals, little research has been carried out on daily
extreme rainfall. In part, this has been because of a dearth
of high spatial and temporal resolution data. The identi-
fication of rainfall variability is a function of scale, with
the ability to highlight rainfall extremes increasing with
higher spatial and temporal resolutions (i.e. data at a
coarse scale are less likely to show extreme events than
if a higher resolution is used). Thus, in this study we
pursue the dual aims of trying to identify possible cli-
matic and oceanic associations with daily extremes over
southern Africa, while examining the effect of the spatial
resolution of the rainfall data (used to denote the extreme
events) in clearly defining the relevant regions of related
SSTs. The issue of the spatial resolution of the data set is
an important one, as obtaining rainfall data at increasingly
higher resolutions is expensive and often logistically dif-
ficult from in situ measurements. An alternative is to use
current remote sensing data in which the field of view
and pixel sizes of the relevant data are of the order of
25–625 km2.
Before discussing some of the possible mechanisms
linking the atmospheric circulation patterns with SST,
this section briefly describes the main rain-producing
systems at the synoptic-scale over southern Africa. In
Section 3 we describe the data and methodologies used,
in Sections 4 and 5 the patterns of variability and the
possible atmospheric and oceanic associations with the
extreme events within these patterns are explored at two
spatial resolutions. Section 6 discusses the results of the
study.
2. ATMOSPHERIC AND OCEANIC LINKS
2.1. Atmospheric circulation systems
The dominant systems for most of southern Africa
are the tropical temperate trough (TTT) features, which
generally form a cloud-band and related convection with
a NW-SE orientation across the subcontinent. These
features have been identified as the leading mode of
variability on the monthly timescale for most months
during the wet season (Washington and Todd, 1999; Todd
et al., 2004). The troughs are influenced by the position of
a semipermanent surface-low that is located over southern
Africa, such that the cloud-band (and rainfall) occurs
over southern Africa when the low is situated over the
Namibian–Angolan border (Harrison, 1984; Tyson, 1986;
Mulenga, 1998). When this occurs, low-level flow is
likely to be easterly over subtropical southern Africa
drawing in moisture from the southwest Indian Ocean;
at the same time, anomalously strong westerlies to the
north of the surface-low draw in moisture from the
tropical South Atlantic and, in response to convergence
from these two flows, widespread summer rainfall occurs
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across southern Africa (Reason, 1998). The upper branch
of a Walker type circulation over the South Atlantic and
southern Africa is formed by the easterly return flow aloft
(Reason, 1998). Conversely, when the low is situated
further to the east over Mozambique, southern Africa
is likely to be drier, because the cloud-band, low-level
convergence, and rainfall occur more over Madagascar;
this situation also results in a reversal of the Walker
type circulation over the South Atlantic and southern
Africa with low-level easterly and westerly flows aloft,
and relative subsidence over western and central southern
Africa (Reason, 1998).
2.2. Possible mechanisms linking atmospheric
circulation with SST
A South Atlantic or Indian Ocean SST anomaly may
influence southern African rainfall, both locally (i.e. near
to the anomaly) and remotely; the local effect on rainfall
may be via modulations to the latent heat flux causing
changes in the moisture levels being drawn into southern
Africa, and the remote effect may be caused by a shift in
the location of the TTT features (Reason, 1998).
A possible mechanism for this local impact on rainfall,
which mainly affects the coastal regions of southern
Africa, is from the direct impacts on temperature and
pressure gradients, which cause an alteration in the
regional moisture flows (Hirst and Hastenrath, 1983;
D’Abreton and Lindesay, 1993). A possible mechanism
for the larger-scale remote impact on rainfall is that
SST variability in the Agulhas Current influences the
surface moisture fluxes into the boundary layer, which
are strongly associated with the atmospheric circulation
and can either promote or suppress favourable conditions
for the creation and survival of TTTs (Mey et al., 1990;
Jury, 1994; Reason, 1998).
3. DATA AND METHOD
3.1. Rainfall data
There is a lack of high spatial and temporal resolution
data over southern Africa. Remote sensing and the avail-
ability of satellite-derived data provide an opportunity to
resolve this problem (Todd et al., 2001); however, it is
recognized that these data have uncertainties due to the
indirect relationship between the remotely sensed mea-
surements and precipitation.
The high-resolution data used in this study were
obtained using the Microwave Infrared Algorithm
(MIRA), which consists of an infrared (IR) bright-
ness temperature/rain rate relationship, variable in space
and time, that is derived from coincident observations
of IR brightness temperature data and Special Sensor
Microwave Imager (SSM/I) MW rain rates. Rainfall data
from this data set are available from 1993 to 2002 at a
0.1° latitude/longitude resolution and cover the southern
African region of 0° –35 °S and 10° –50 °E. An exam-
ple of the estimated mean rainfall from MIRA can be
seen in Figure 1(b), which shows the extreme rainfall
event of 21–25 February 2000 and which was associ-
ated with the Tropical Cyclone Eline (Layberry et al.,
2006). Validation results suggest that the MIRA data set
compares more favourably with GTS measurements than
other satellite-based rainfall algorithms (Layberry et al.,
2006), such as the normalized GOES Precipitation Index
(GPI) (Arkin and Meisner, 1987).
3.2. Principal component analysis (PCA)
One of the reasons for carrying out a PCA on rainfall
data is to identify and differentiate between the most
common patterns of spatial variability within a given
data set and separate the different patterns of variability
into individual components. Thus, the leading principal
component or mode will explain the pattern of rainfall
that accounts for the highest amount of variability,
and the amount of variability explained by each mode
decreases as the principal component number increases.
It should be stressed that a PCA produces patterns of
rainfall variability rather than patterns of actual rainfall,
as the data are normalized before the procedure is carried
out and any sense of the mean rainfall is removed. The
PCA is used in this work, firstly, to identify the main
patterns of daily rainfall variability and, secondly, to
highlight extreme rainfall events within each pattern and
associations with atmospheric circulation and SST. The
assumption here is that extreme events are arranged in the
same pattern as the mode of variability within which they
are found; while this is a logical assumption, its validity
is discussed later.
The data were first smoothed and normalized to remove
any seasonal cycle before being subjected to a PCA
with space as the variables and time as the observations
(Richman, 1986; Joliffe, 1987; White et al., 1991). Two
smoothing distances were used for the PCA. Firstly,
a smoothing distance of 25 grid cells giving a spatial
resolution of 2.5° and, secondly, a smoothing distance
of 10 grid cells giving a higher spatial resolution of 1°.
Thus, patterns of spatial variability were obtained at two
spatial scales, hereafter referred to as lower and higher
resolutions, respectively.
The first three Empirical Orthogonal Functions (EOFs,
representing the spatial extent of each mode of variabil-
ity) and corresponding Principal Components (PCs or
amplitudes, representing the temporal evolution of each
EOF) were retained for the wet season from November
to April as a whole (hereafter referred to as the wet sea-
son). The resulting EOFs cover the region 5–35 °S and
10–47.5 °E. It was necessary to undertake the PCA on a
seasonal timescale, as opposed to, for example, monthly,
because the number of observations must always be
greater than the number of variables. Consequently, in
order to analyse at a 1° spatial resolution it was necessary
to increase the period to cover the whole wet season.
The North Test was used to determine the stability
of each EOF (North et al., 1982). As can be seen in
Table I, all three EOFs pass the North Test at both
spatial resolutions and so may be trusted to be stable.
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Further, taking the PCA with lower spatial resolution as
an example, all subsequent patterns pass the test until
the twelfth EOF, by which time the percentage of total
variance accounted for by that EOF drops to 1.83% (not
shown). The first three patterns were retained for this
study because the percentage of total variance falls to
below 3% (4%) in the fourth EOF using the higher
(lower) spatial resolution.
A documented problem with using unrotated EOFs
is that the first EOF may often produce a centred
monopole pattern of large, uniformly positive loadings
(Buell, 1975). A possible solution to this is rotation of the
resulting EOFs (Richman, 1986). However, in this study
it is argued that the leading unrotated EOF emerged as
a pattern other than a monopole; consequently, as in the
work by Washington and Todd (1999), it is assumed that
the unrotated EOFs have a physical meaning and further
rotation is not required.
3.3. Composite analysis
Extreme events were obtained from the time series of
amplitudes from each EOF at the two spatial resolutions
where an extreme event is defined as any peak in variabil-
ity that is greater than or equal to two standard deviations
of that principal component. The dates corresponding to
the extreme events were extracted from the time series,
creating a list of days during the 10-year period. These
dates were then used as a basis for composite analysis
using the on-line tools from The NCEP/NCAR 40-year
Reanalysis Project at the NOAA-CIRES Climate Diag-
nostics Center (Kalnay et al., 1996). The variables used
in this study were surface precipitation (in mm day−1),
geopotential height (in metres) at a vertical level of
850 mb, and surface temperature (in°C). The compos-
ite mean, obtained by subtracting the extreme negative
dates from the extreme positive dates, is used. The two
spatial resolutions were compared by subtracting the low-
resolution composites from the high-resolution compos-
ites. The composites and difference plots cover the region
3–33 °S and 10–47.5 °E, with some larger projections to
cover all of Africa and the surrounding oceans.
4. VARIABILITY AND ASSOCIATIONS: LOW
RESOLUTION
4.1. Patterns of variability at 2.5° spatial resolution,
extreme days and associations
4.1.1. EOF 1. As shown in Figure 2, the leading EOF
for the wet season displays a pattern of positive loadings
over the far eastern South Atlantic and negative loadings
in the northeast and central parts of the subcontinent.
When compared with Figure 3, showing the precipitation
composite of positive minus negative extreme amplitudes
from the first EOF, there is good agreement between the
region of low rainfall and the region of negative loadings
(Figure 2) over eastern and central southern Africa. This
agreement supports the hypothesis that the extremes are
arranged in a similar way to the average rainfall patterns.
The smaller regions of positive loadings are highlighted
as high rainfall in the composite mean, particularly over
Angola and off the Tanzanian coast. The positive loadings
from the first EOF over the southeastern Atlantic and
Namibia are not as coherent in Figure 3, this is because a
rainfall amount of between 2–5 mm day−1 is high for this
region but lower than the rainfall in Angola and Tanzania.
Both these regions of positive loadings, and the larger
region of negative loadings, are shown as statistically
significant at the 90% significance level.
Inspection of the near-surface geopotential height com-
posite over southern Africa (Figure 4), associated with
the extreme rainfall dates, shows a ridge of relatively
high-pressure extending inland as far as Zimbabwe. This
may be associated with the quasi-stationary standing
waves, in particular, wave numbers 1 and 3, which are
particularly important for the southern African climate
(Tyson and Preston-Whyte, 2000; Hudson and Jones,
2002) as they can influence the patterns of upper level
(surface) divergence (convergence). Smaller regions of
low pressure are also shown in equatorial southern Africa.
If the surface-temperature structures (again from the
composite of positive minus negative extreme ampli-
tudes from the first EOF) are examined (Figure 5), three
regions of warm anomalies are evident: a widespread
region in the central southern Atlantic, a small but strong
region over Angola, and a weaker region in the equato-
rial Indian Ocean. There is also a band of cold anomalies
extending through both oceans between approximately
30–35 °S, and throughout the subcontinent. All of these
regions of warm anomalies, as well as the band of cold
anomalies, are shown to be statistically significant at the
90% level; further, the warm anomalies are also signifi-
cant at the 95% level (not shown).
This distribution of rainfall variability may be associ-
ated with an Atlantic El Nino pattern (Merle, 1980; Binet
et al., 2001). Under normal conditions, two Walker-style
cells that are reverse to each other are thought to operate
over southern Africa, with rising air and convection
occurring over eastern southern Africa and subsidence
Table I. Monthly variance (%) explained by each EOF and results of North Test (North et al., 1982). 1 = pass,
0 = fail.
Month EOF 1 EOF 2 EOF 3
Variance North Variance North Variance North
Nov–Apr (2.5°) 9.60 1 5.22 1 4.45 1
Nov–Apr (1°) 7.58 1 3.79 1 3.26 1
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Figure 2. Spatial pattern of amplitudes from EOF 1 at 2.5° spatial resolution, showing Nov–Apr rainfall variability. Solid line = zero contour.
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Figure 3. Surface precipitation composite mean (pos–neg amplitudes) from EOF 1 at 2.5° spatial resolution. Precipitation in mm day−1. Solid
line = zero contour, dashed line = 0.1 significance level.
occurring over a cold South Atlantic (Tyson, 1986). In
this situation the TTTs are positioned to the east of south-
ern Africa, resulting in a wet eastern and dry western
subcontinent. However, the surface-temperature compos-
ite corresponding to extremes arranged in the leading
mode of rainfall variability shows warm anomalies in
the central South Atlantic. This may have the effect of
suppressing the Atlantic Walker cell and instead being
favourable for the creation of a Hadley-style circula-
tion, enhancing the region of low pressure over equatorial
southern Africa, as seen in Figure 4. This would draw the
low-latitude component of the TTTs to the west of the
subcontinent where they would be anchored by the equa-
torial low pressure and would diagonally cross western
southern Africa.
4.1.2. EOF 2. The loadings forming the second EOF
are shifted to the east, relative to the first, and are orien-
tated into two NW/SE diagonal bands (Figure 6). Here,
the positive loadings are centred over Zimbabwe and
form a diagonal pattern reaching down across Swazi-
land and into the southwest Indian Ocean. The negative
loadings, again orientated in a similar NW/SE diagonal
pattern, are now centred to the east of Lake Nyasa rather
than over Zambia as in the first EOF. The precipitation
composite of extreme amplitudes, Figure 7, replicates to
some extent the same pattern of variability as that seen
in this EOF, again supporting the hypothesis that the
common and extreme patterns of rainfall are arranged
similarly. This composite shows the region of highest
rainfall over eastern and central southern Africa, with a
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Figure 4. 850 mb geopotential height composite mean (pos–neg amplitudes) from EOF 1 at 2.5° spatial resolution. Heights in metres. Solid line
= zero contour, dashed line = 0.1 significance level.
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Figure 5. Surface-temperature composite mean (pos–neg amplitudes) from EOF 1 at 2.5° spatial resolution. Temperature in°C. Solid line = zero
contour, dashed line = 0.1 significance level.
dry Mozambique Channel, both of which are statistically
significant at the 90% level.
The geopotential height composite associated with the
dates of extreme rainfall displays a clear divide of high
pressure to the far east over Madagascar and low pressure
over eastern and central southern Africa (Figure 8). In the
surface-temperature composite corresponding to extreme
days from this EOF, Figure 9, there is a region of cold
(warm) anomalies in the South Atlantic (southern Indian
Ocean), but the magnitudes of the temperature anoma-
lies are very weak and spatially limited, despite being
statistically significant. More importantly, however, is the
extensive region of statistically significant warm anoma-
lies over southeast Africa, reaching a 2.5 °C anomaly at
the maximum.
These diagonal bands of loadings and associated
extreme rainfall may relate to variability caused by the
TTT feature discussed above, but with this feature shifted
to the east compared to the leading EOF. In the sec-
ond EOF, surface-temperature anomalies throughout the
oceans are neither strong nor spatially extensive; how-
ever, the warm anomalies over eastern southern Africa
suggest a heat-low that is further implied by the pres-
sure composites. This heat-low may be responsible for
anchoring the subtropical component of the TTT to the
east, extending down into the southwest Indian Ocean,
and resulting in higher rainfall over central and eastern
southern Africa.
4.1.3. EOF 3. The third most dominant pattern of rain-
fall variability is indicative of a North-South divide, with
the gradient lying at approximately 18 °S (Figure 10). In
this third EOF the negative loadings are centred over
the southern half of the Democratic Republic of Congo
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(hereafter DRC), whereas the positive loadings are to
the southeast. These positive loadings are now centred
over the southwest Indian Ocean below the Mozambique
Channel and, to some extent, are still distributed into the
diagonal pattern indicative of the TTT features seen in
the second EOF. However this diagonal band is now less
spatially coherent and, combined with the fact that there
are two clear regions of opposite rainfall variability to
the north and south of southern Africa, it is argued that
a North-South pattern is emerging from this EOF.
The precipitation composite of extreme amplitudes
from this EOF is again similar to the N–S pattern of
rainfall variability identified from the third EOF, with
statistically significant higher rainfall to the south com-
pared to drier regions to the north (Figure 11). There
are some differences between the two plots, such as
there being two separate regions of high rainfall appar-
ent in the composite, over the Mozambique Channel and
Zimbabwe, whereas the EOF shows only one region
of positive loadings centred to the south of Mada-
gascar (Figures 10 and 11, respectively). The surface-
temperature structures corresponding to extremes from
the third EOF are again different, with a dominance of
anomalously warm water now apparent (Figure 12) in the
southern Indian Ocean, where anomalies reach approxi-
mately 1.5 °C and are statistically significant at both the
90% and 95% (not shown) levels.
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Figure 6. Spatial pattern of amplitudes from EOF 2 at 2.5° spatial resolution, showing Nov–Apr rainfall variability. Solid line = zero contour.
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Figure 7. Surface precipitation composite mean (pos–neg amplitudes) from EOF 2 at 2.5° spatial resolution. Precipitation in mm day−1. Solid
line = zero contour, dashed line = 0.1 significance level.
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Figure 8. 850 mb geopotential height composite mean (pos–neg amplitudes) from EOF 2 at 2.5° spatial resolution. Height in metres. Solid line
= zero contour, dashed line = 0.1 significance level.
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Figure 9. Surface-temperature composite mean (pos–neg amplitudes) from EOF 2 at 2.5° spatial resolution. Temperature in°C. Solid line = zero
contour, dashed line = 0.1 significance level.
This EOF shows a pattern of lower rainfall variabil-
ity to the north of the subcontinent compared to more
variability in the southern countries. The extreme rain-
fall associated with this EOF may, therefore, relate to the
rainfall gradient between the ITCZ and subtropics. The
fact that the southern and eastern countries of southern
Africa experience high rainfall in this EOF suggests that
the TTT is again located to the east, the high latitude
component of which may be anchored in this location
by the region of warm anomalies in the southern Indian
Ocean.
5. COMPARISON OF VARIABILITY AND
ASSOCIATIONS AT LOW AND HIGH RESOLUTION
5.1. Patterns of variability at 1° spatial resolution,
extreme days and associations
Having identified the patterns of variability and asso-
ciated atmospheric and oceanic circulation structures, the
following section examines the effect of changing reso-
lution on identifying surface-temperature anomalies con-
nected to extreme days within this pattern.
5.1.1. EOF 1. The precipitation composite of extreme
days with the amplitudes from the leading EOF at high
resolution differs from the lower resolution composite in
a number of regions. In Figure 13, it can be seen that
the largest positive differences are coincident with the
regions of higher rainfall, such as over Botswana and
northern Angola. This suggests an extension of the TTT
features over central southern Africa, relative to the low-
resolution composites.
The surface-temperature composite associated with
the extreme days from the first EOF also shows a
clear difference between the two resolutions (Figure 14)
for both the statistically significant, stronger warm and
cold anomalies for the analysis at the higher resolu-
tion. The region of warmest water in the central South
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Figure 10. Spatial pattern of amplitudes from EOF 3 at 2.5° spatial resolution, showing Nov–Apr rainfall variability. Solid line = zero contour.
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Figure 11. Surface precipitation composite mean (pos–neg amplitudes) from EOF 3 at 2.5° spatial resolution. Precipitation in mm day−1. Solid
line = zero contour, dashed line = 0.1 significance level.
Atlantic, centred around 10–20 °W, is now much larger
in extent than it was at low resolution (Figure 5). The
surface-temperature difference plot between the analy-
ses at the two resolutions (Figure 15) shows a 0.4 °C
difference, implying that the high-resolution compos-
ite shows a 16% increase in temperature anomaly for
this region compared to the low-resolution composite.
Further, the cooler temperatures are now shown to
be much colder by up to 1 °C, particularly, in the
extreme southwestern Atlantic and over the subconti-
nent.
5.1.2. EOF 2. When the extreme rainfall and circu-
lation structures corresponding to the second EOF are
examined, the differences between the two resolutions
are very few. For example, the precipitation-difference
plot shows very little deviation from zero throughout
most of the subcontinent (Figure 16). This is also true
for the near-surface geopotential height differences (not
shown), where most of the subcontinent displays no dif-
ference between the high- and low-resolution composites.
The surface–temperature difference plot also shows little
deviation from zero throughout the Atlantic and Indian
Ocean (not shown), and so it may be concluded that, for
this EOF, there is not much difference between using
a high and low spatial resolution as a basis for investi-
gating the oceanic associations with rainfall variability.
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Figure 12. Surface-temperature composite mean (pos–neg amplitudes) from EOF 3 at 2.5° spatial resolution. Temperature in°C. Solid line =
zero contour, dashed line = 0.1 significance level.
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Figure 13. Surface precipitation differences from EOF 1, at 1° minus 2.5° spatial resolution. Values in mm day−1. Solid line = zero contour.
This is consistent with the hypothesis that extreme rain-
fall is associated with a land-based driver rather than the
Atlantic or Indian Ocean SST. Possible reasons for this
lack of difference between resolutions are discussed in
the following section.
5.1.3. EOF 3. Results very different from those of the
first two EOFs are obtained on an examination of the
extreme rainfall and circulation structures correspond-
ing to the third EOF. Figure 17 shows the precipitation-
difference plot for extreme days with the amplitudes from
this EOF. The composite suggests that, for certain regions
of rainfall, such as over Madagascar, the Mozambique
Channel, and eastern South Africa, the low-resolution
composite shows more rainfall than the high-resolution
composite. Further, the surface-temperature composite
shows that a higher resolution (Figure 18) yields weaker
and more spatially limited statistically significant tem-
peratures than the lower resolution (Figure 12). Conse-
quently, for extreme events from the third EOF, it would
appear that, in contrast to the leading EOF, a lower res-
olution shows an enhanced TTT located to the east and
warmer Indian Ocean SST anomalies.
5.2. Temporal analysis of amplitudes
The differences between the resolutions can be seen
clearly if the dates from the amplitudes of each EOF
at the two resolutions are examined. Table II shows,
for each EOF, the dates highlighted by each resolution
that are not accounted for by the other resolution. So,
using the first EOF as an example, the left-hand column
shows the dates highlighted at high resolution that are
not identified when using a low resolution, and vice
versa for the right-hand column. The leading EOF shows
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Figure 14. Surface-temperature composite mean (pos–neg amplitudes) from EOF 1 at 1° spatial resolution. Temperature in°C. Solid line = zero
contour, dashed line = 0.1 significance level.
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Figure 15. Surface-temperature differences from EOF 1, at 1° minus 2.5° spatial resolution. Values in°C. Solid line = zero contour.
some difference between the resolutions with an almost
equal number of different days, the second EOF shows
little difference, having very few different days, and the
third EOF shows a great deal of difference with more
days being highlighted at low resolution, which are not
identified at high resolution. Because of these differences,
the analysis from the first EOF shows a better defined
atmospheric and oceanic signal associated with extreme
events and variability at high resolution, whereas analysis
of the third EOF does not show this and instead shows
a better defined signal associated with extreme events at
low resolution.
It is also useful to consider briefly the temporal dis-
tribution of the loadings for each EOF. The first EOF
shows several periods of prolonged positive loadings at
both high and low resolution (more than 3 days), particu-
larly at the end of the wet season in April 1998 and 1999.
The negative loadings, suggesting low rainfall variabil-
ity for this EOF, show numerous, but shorter (2 days),
periods of loadings. This suggests that although dry peri-
ods occur relatively frequently in the leading EOF, they
are not prolonged and therefore would not imply initi-
ation of drought conditions. The second EOF, however,
does show a prolonged period of negative loadings that
lasts 5 (7) days at high (low) resolution during January
1993, suggesting that there was a prolonged period of
low rainfall variability during this normally highly vari-
able month. Finally, the third EOF is again similar to
the first in terms of the temporal distribution of both
positive and negative loadings at either resolution, in
that periods of 2 or 3 days occur frequently but do not
last.
6. DISCUSSION AND CONCLUSIONS
The work presented in this paper has attempted to iden-
tify the large-scale atmospheric and oceanic patterns
that are associated with extremes of rainfall variabil-
ity over southern Africa. A PCA has been performed
on daily rainfall data at two spatial resolutions. Dates
of extreme rainfall variability associated with the spa-
tial patterns revealed from the PCA have then been used
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Figure 16. Surface precipitation differences from EOF 2, at 1° minus 2.5° spatial resolution. Values in mm day−1. Solid line = zero contour.
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Figure 17. Surface precipitation differences from EOF 3, at 1° minus 2.5° spatial resolution. Values in mm day−1. Solid line = zero contour.
to composite climate parameters. Three dominant spatial
patterns (EOFs) of rainfall variability have been iden-
tified: the first seems to be showing an East-West gra-
dient over the subcontinental interior and the southeast
Atlantic, possibly associated with an Atlantic El Nin˜o
pattern; the second appears to show two NW-SE diago-
nal bands and may therefore relate to TTTs; and the third
seems to display a North-South gradient over tropical and
subtropical southern Africa, which may relate to the rain-
fall gradient between the ITCZ and the drier subtropical
region.
The results suggest that the extreme rainfall events
from each set of daily amplitudes (from each EOF) are
associated with a different location of the TTTs resulting
from both local and remote atmospheric and oceanic
processes. It would appear that extremes connected
to the first EOF may be associated with a remote
mechanism from the South Atlantic, whereby a region
of warm oceanic surface-temperature anomalies have an
indirect effect on rainfall variability by suppressing the
Walker cell, enhancing a Hadley-style circulation and
therefore the equatorial low, and consequently shifting
the position of the TTTs towards the west. For extremes
corresponding to the second EOF, the composites suggest
that the position of the TTTs may result from a local,
land-based mechanism related to a region of warm
temperature anomalies over eastern southern Africa,
rather than being associated with any oceanic temperature
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Figure 18. Surface-temperature composite mean (pos–neg amplitudes) from EOF 3 at 1° spatial resolution. Temperature in°C. Solid line = zero
contour, dashed line = 0.1 significance level.
Table II. Different dates obtained with the amplitudes from each EOF, for the two resolutions. Dates are those from high (1°)
resolution, which are not highlighted at low (2.5°) resolution, and vice versa. Unshaded = positive amplitudes, shaded = negative
amplitudes.
EOF 1 EOF 2 EOF 3
1° 2.5° 1° 2.5° 1° 2.5°
28/04/1995 25/01/1994 03/03/1994 18/01/1993 12/01/1993 02/01/1994
29/04/1995 02/04/1995 30/11/1995 04/03/1994 29/03/1993 03/03/1994
23/04/1997 01/02/1996 18/11/1996 29/12/1993 04/12/1994
17/04/1998 30/01/1998 02/01/1997 20/01/1994 27/02/1996
30/04/1998 02/04/2000 02/01/1999 02/02/1995 13/03/1996
27/04/1999 27/02/2002 11/12/2001 01/12/1995 19/03/1997
28/04/1999 08/03/1996 26/03/1997
18/02/1999 25/03/1998
30/04/1999 09/04/1998
19/12/2000 04/12/1998
26/02/2001 07/03/1999
06/12/2001 19/03/1999
11/12/2001 29/11/1999
17/12/2001 11/12/1999
30/12/2001 12/12/1999
24/03/2000
16/11/2000
17/01/2001
30/03/2001
06/04/2001
anomalies. This region of warm subtropical anomalies
over the land may act to anchor the TTT to the centre of
southern Africa. Finally, the results suggest that extremes
connected to the third EOF may be associated with
a remote oceanic mechanism from the southern Indian
Ocean, whereby a region of warm surface-temperature
anomalies is responsible for anchoring the high latitude
part of the TTT to the extreme east of the region.
The results also suggest that, for extreme rainfall
events associated with the most common spatial pattern
of rainfall variability, the first EOF, using a higher
resolution of rainfall detail provides a more coherent
signal than using a lower resolution. In this instance
the increased coherence is shown by a stronger (in
magnitude) and clearer (in terms of spatial extent)
coincident surface-temperature anomaly in the central
South Atlantic. As discussed above, this region of warm
anomalies is associated with the pattern of variability that
may be related to an Atlantic El Nin˜o pattern. Extreme
rainfall variability associated with the second EOF shows
little difference between the resolutions, with the number
of different dates comprising only approximately 4% of
the total, hence the similarity in atmospheric and oceanic
signal. Finally, extreme rainfall variability associated
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with the third EOF shows a lot of difference between the
resolutions, but shows opposite results to that from the
first EOF in that a stronger, in magnitude, and spatially
clearer atmospheric and oceanic signal is obtained when
using a lower resolution.
It should be noted that significant testing between
the two resolutions reveals no statistically significant
differences in surface-temperature patterns. This is to be
expected as both resolutions use the same rainfall data; it
is not argued here that data at a higher spatial resolution
provides a different signal, rather that it provides an
atmospheric and oceanic signal that is both stronger in
magnitude and clearer to identify spatially. This finding is
therefore subtler, being related to the scales of interaction
between atmospheric and oceanic structures and rainfall,
in the context of using SST anomalies for climate
modelling purposes.
There are several possible explanations for these
results. Firstly, rainfall extremes can be divided into
two components: those arranged in large-scale patterns
controlled by large-scale atmospheric and oceanic mech-
anisms, and those arranged randomly by localised con-
vective activity. Consequently, the inconsistency between
the impact of spatial resolution on extreme days from
the first and third EOFs may be explained by the ratio
between the large-scale controlled extreme variability,
the ‘signal’, and the randomly arranged extreme vari-
ability, the ‘noise’, in each set of amplitudes. As the
EOF progresses in number and the amount of rainfall
variance explained by the large-scale pattern decreases,
the influence of random variability increases. Further,
as the spatial resolution becomes higher, the variability
increases, which means that the number of random events
identified again increases. Consequently, with the ampli-
tudes from the third EOF, which are naturally ‘noisy’
as the amount of variance accounted for has decreased
from 9.60% for the first EOF to 4.45% here (from 7.58
to 3.26%) at low (high) resolution, the level of aver-
aging required to produce the lower resolution pattern
may be smoothing out some of the random variability
while retaining the larger-scale signal. Conversely, with
the amplitudes from the first EOF the level of noise is
naturally lower because the EOF accounts for the most
variance and therefore focuses more on the large-scale
patterns of variability rather than random events. A higher
resolution can therefore be more effective at identifying
extreme rainfall variability because the large-scale related
variability does not get as contaminated by noise.
Secondly, it is possible that other methods of analysing
the data at two spatial resolutions and extracting extreme
days are preferable to carrying out a PCA. Defining an
extreme day as being above a certain threshold of the
mean climatological total or counting the number of
days with extreme pixels are two alternative methods
that may yield different results. Thirdly, and further to
the second reason, this inconsistency between extreme
variability from the EOFs might be explained by the
possibility that the extremes may not be arranged in
the same pattern as the modes revealed by the PCA.
While the assumption that extremes are arranged similar
to the common patterns appears to be supported by
the composites from the amplitudes of the first EOF,
there are differences between the composites and the
spatial patterns of variability for the second and third
EOFs, which may suggest that extreme rainfall events are
arranged differently to the common patterns of variability
for these spatial patterns.
Lastly, this work has only examined surface-tem-
perature anomalies that are coincident with the rainfall
extremes. Consequently, the inconsistency between the
amplitudes of the EOFs at different resolutions may be
due to cotemporal surface temperatures being less related
to extreme rainfall variability highlighted by the less
dominant second and third EOFs. These less common
patterns of rainfall variability and corresponding extremes
may be more associated with the surface-temperature
structures prior to the extreme rainfall events, such as
those anomalies occurring during the previous dry season.
A full investigation into the lags and leads of surface
temperature in relation to extreme rainfall events is
beyond the scope of this paper, but warrants further
work.
The primary goals of this paper were to identify poten-
tial atmospheric and oceanic associations with southern
African daily rainfall extremes, and to investigate the
effect of spatial resolution in highlighting these asso-
ciations. The aim of these goals is to obtain coherent
patterns of surface-temperature anomalies that can be
used as a basis for climate modelling. The results sug-
gest that when using extreme dates obtained with the
amplitudes from the leading mode of variability, the use
of a higher resolution is preferred. Using this EOF, the
mechanisms associated with extreme rainfall variability,
such as pressure and surface temperature, are more coher-
ent when viewed using a higher resolution PCA. This
extra detail would be crucial when choosing regions of
SST, e.g. to force global or regional climate models,
as it would reduce the potential to ignore certain cen-
tres of action. For example, if the surface-temperature
composite at 2.5° resolution (Figure 5) was the basis
for choosing anomalous SST regions to force a GCM,
selecting a clear region would be difficult as there is
no strong signal. The region of warm anomalies in the
South Atlantic might be chosen, but the temperatures
are not high, reaching only 1.5 °C at their peak. How-
ever, the surface-temperature composite at 1° resolution
(Figure 14) shows a different picture. Here, the same
region in the South Atlantic is much warmer and cov-
ers a larger area, and so would be a good area to place
warm SST anomalies in a model. The large region of
cold temperature anomalies south of Brazil would also
be a potential choice for forcing a model with cold SST
anomalies.
Thus, from a modelling perspective, investigating the
associations with rainfall extremes contained within the
most common pattern of variability at higher resolution
yields more useful information than using a lower spatial
scale. When using rainfall extremes from less dominant
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patterns of rainfall variability, a lower spatial resolution
is preferable. The issue of spatial resolution in obtaining
a coherent atmospheric and oceanic signal is therefore an
important one for future climate modelling work.
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